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Abstract  11 
The co-existence and interaction between brittle and viscous deformation processes 12 
contributes to the integrated strength of the crust and results in a wide range of energy-release 13 
mechanisms ranging from earthquakes to creep. Here, we compare flow laws derived for 14 
quartz-rich rocks deforming by brittle creep, wet dislocation power-law creep and dissolution-15 
precipitation creep.  We investigate theoretically the conditions when both brittle and viscous 16 
processes contribute significantly to deformation provided that all processes act independently 17 
and in parallel. Utilizing a comprehensive data set for deformation experiments in quartz-rich 18 
rocks, we find that the transition between deformation mechanisms is strongly dependent on 19 
input variables such as initial flaw size and grain size. The transition can occur abruptly or over 20 
hundreds of MPa in differential stress and hundreds of degrees Kelvin at a constant strain rate. 21 
The transition is strongly dependent on grain-size and confining pressure.  Limitations to this 22 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
2 
 
work are first that all three flow laws are poorly constrained by experimental data for 23 
conditions relevant for the comparison. Secondly, a need exists for new experiments to infill the 24 
knowledge gaps between high-temperature and low-temperature deformation experiments 25 
and deriving quantitative flow laws for low-temperature plasticity and high-temperature brittle 26 
creep.  27 
 28 
1. Introduction 29 
Constraining the rheological behavior of the crust is of fundamental importance for 30 
understanding of large-scale tectonics as well as small-scale processes related to earthquake 31 
generation. This task, however, is exceedingly difficult because the crust is comprised of many 32 
lithologies and deformation occurs over a broad range of pressures, temperatures, and strain 33 
rates. Therefore, a variety of deformation mechanisms contribute to the integrated strength of 34 
the crust. To add to the complexity of the situation, the strength of rocks is greatly influenced 35 
by the presence of fluids and evolves with deformation, as for example, different deformation 36 
mechanisms will dominate in intact rocks as compared to fault rocks in mature fault zones. 37 
Consequently a strain-dependent evolution of the strength of the crust is to be expected (e.g. 38 
Evans, 2005).  39 
In this paper, we limit ourselves to exploring the deformation behavior of low-porosity, 40 
quartz-rich rocks at low strains so that the porosity can be expected to remain approximately 41 
constant during deformation and no significant strain localization occurs. We will use the terms 42 
brittle when deformation is mediated by fractures and viscous when deformation is mediated 43 
by dislocations and/or diffusive mass transfer as elaborated in more detail below.  44 
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 45 
1.1 Deformation mechanisms in the brittle and viscous fields 46 
Brittle processes involve crack nucleation and growth through the breaking of atomic bonds 47 
and formation of new surfaces that ultimately lead to frictional sliding. Brittle deformation is 48 
accompanied by an inherent need for dilatancy as new cracks open and individual fragments 49 
slide past each other i.e. do work against the confining pressure.  50 
Temperature-activated viscous processes involve the motion of atomic disorder within a crystal 51 
lattice as well as material transport in a fluid phase (Figure 1). Viscous deformation exhibits a 52 
strong dependence of steady-state stress on strain rate as well as temperature and is largely 53 
independent of confining pressure at crustal conditions. The deformation is volume conserving 54 
and dependent on atomic mobility, hence temperature and time. At low-stress conditions, 55 
diffusion creep is usually the dominant deformation mechanism in rocks. Stress is linearly 56 
dependent on strain rate and further depends on grain size (i.e. diffusion distance). A special 57 
case of diffusion creep is dissolution-precipitation creep, where the flux of atoms is mediated 58 
by a liquid phase on grain boundaries (Gratier et al., 2013; Klinge et al., 2015).  At higher 59 
stresses, materials deform by dislocation mechanisms in the power-law creep regime. Strain 60 
rate is proportional to stress with a stress exponent of 3-5 and shows no dependence on grain 61 
size. At even higher stresses, dislocation glide with negligible climb out of the slip planes 62 
accommodates strain in the low temperature plasticity regime (see Kohlstedt and Hansen 63 
(2015) for a review of viscous deformation).  64 
(Figure 1) 65 
 66 
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1.2. Deformation mechanisms in the semi-brittle field 67 
Semi-brittle flow occurs when viscous and brittle deformation mechanisms contribute coevally 68 
and significantly to strain accommodation during deformation. Hence micro-mechanically, 69 
semi-brittle deformation would be expected to exhibit a pressure dependence due to 70 
dilatation, as well as a temperature and strain-rate dependence due to the temperature-71 
activated motion of defects and atoms. Brittle and viscous processes act either sequentially or 72 
simultaneously. For example of serial semi-brittle deformation is when fracturing produces 73 
fine-grain sizes that then deform by fluid-assisted diffusion creep (brittle -> viscous) (Fusseis 74 
and Handy, 2008; Gratier et al., 1999; Menegon et al., 2013b; Trepmann and Stöckhert, 2003). 75 
An example of parallel semi-brittle deformation is when one phase deforms by fracturing while 76 
another phase deforms by viscous flow in a polyphase rock (Handy, 1990, Jammes et al., 2015). 77 
Brittle and viscous deformation can occur simultaneous in a single mineral phase (Fredrich et al. 78 
1989, Hirth and Tullis 1994, Nicolas et al., 2016; Onasch, 1994) as well as in a polyphase rock 79 
(Fagereng et al., 2014; Handy, 1990, 1994; Jammes et al., 2015; Marti et al. 2017; Nevitt et al., 80 
2017; Pec et al., 2012a; Pec et al., 2016; Platt, 2015; Violay et al., 2012).  81 
The study of brittle and viscous properties of rocks have led to a variety of 82 
phenomenological flow laws, which describe the deformation of rocks for specific stress, 83 
pressure, temperature, grain size, porosity, etc. conditions. The flow laws describing diffusion 84 
creep were first developed by Nabarro (1948), Herring (1950) and Coble (1963). The flow laws 85 
describing dislocation creep were developed by several researchers during the 1950’s (Mott, 86 
1951; Weertman, 1955) and are well-tested and established equations to calculate the steady-87 
state strain rate as a function of a number of external and internal variables at high 88 
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homologous temperature. More recently Ashby and Hallam (1986), Ashby and Sammis (1990), 89 
Bhat et al. (2012), and Brantut et al. (2012) developed a continuum-mechanical flow law to 90 
describe secondary brittle creep. Even though this flow law is not derived for a steady state 91 
condition, the similar continuum-mechanic formulation allows comparison of several flow laws 92 
and a theoretical investigation of the respective contribution to total strain rate provided that 93 
the mechanisms act independently and in parallel. In this paper, we seek to compare flow laws 94 
for brittle creep with wet dislocation power-law creep and a dissolution-precipitation creep to 95 
investigate theoretically the conditions when we would expect the co-existence of brittle and 96 
viscous behavior in one mineral phase. We attempt to quantify the contribution of individual 97 
micro-mechanisms to the bulk deformation and to identify regions in stress – temperature 98 
space where most interplay would be expected to inform future experiments and field studies 99 
aimed at elucidating the brittle – viscous transition in low porosity rocks. In this contribution, 100 
we will concentrate on the brittle - viscous transition in quartz-rich rocks with H2O fluid present 101 
as they have the largest amount of experimental data available. 102 
 103 
2. Experimental data 104 
We surveyed the literature and collected rock-deformation experimental data about 105 
wet quartzites and low-porosity (<10%) quartz sandstones published over approximately the 106 
last thirty years in gas-medium, fluid-medium, and solid-medium deformation apparatuses 107 
using weak salts (Appendix table A2 or an electronic copy is at zenedo.org). Our main focus is 108 
on deformation experiments that were conducted at elevated temperatures on low-porosity 109 
rocks, and the reader is referred to Brantut et al. (2013) for an extensive list of lower 110 
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temperature, higher porosity experiments. The only constant parameter in our collection is the 111 
dominance of quartz compositionally. The experimental procedure, rock type and purpose of 112 
the experiment vary between the individual studies (Appendix A1). Strain rates in general shear 113 
experiments were converted to equivalent strain rates as  114 
     = √ 	 ,  (1) 115 
where  is equivalent strain rate and   is shear strain rate. Shear stresses were converted to 116 
differential stresses as  117 
     				
 = 2,  (2) 118 
where τ is shear stress and 	
 is the differential stress as all forcing blocks were pre-cut at 119 
45˚ to the principal stress, σ1.  120 
The compiled data points illustrate what temperatures, confining pressures, and differential 121 
stresses are often used in experiments (Figure 2). It is clear, that most studies to date focused 122 
on high-temperature, viscous deformation of quartzites given that the vast majority of data 123 
comes from experiments conducted at 900 – 1000˚C (Figure 2c). Interestingly, almost no data 124 
exists in the temperature range of 200 – 500˚C (Figure 2b). One reason for this gap is that 125 
quartzites are extremely strong and very hard to deform using classical constant-displacement 126 
rate experiments at these conditions. Nevertheless, this temperature range could be explored 127 
using constant-load experiments and would be very valuable for constraining high-temperature 128 
brittle creep.   129 
The experimental data shows a bimodal distribution in terms of confining pressure with a peak 130 
at 300 MPa and a second peak around 1500 MPa (Figure 2b). These pressures are typical of 131 
high stress resolution gas-medium deformation apparatus studies and lower stress resolution 132 
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solid-medium deformation apparatus studies. Again, a relative scarcity of data exists for 133 
confining pressures from 400 – 1000 MPa.  Also, the distribution of employed equivalent strain 134 
rates shows that most experiments are conducted at typical lab strain rates of 10
-6
 – 10
-4
 s
-1
 and 135 
only a few excursions to higher and lower strain rates exist (Figure 2d). This distribution is 136 
fundamentally limited by the lifespan of an average experimentalist on the lower end and 137 
strength of quartzites with respect to deformation apparatuses on the upper end.  138 
 139 
(Figure 2) 140 
As discussed in the introduction, the transition from brittle to viscous deformation is 141 
expected to be marked by a decrease in the pressure sensitivity of peak strength due to the 142 
suppression of dilatant cracking and promotion of volume-conserving viscous flow.  Considering 143 
the experimental data for pressure sensitivity of differential stress as a function of temperature, 144 
experiments below 600˚C exhibit a positive pressure dependence of differential stress with a 145 
differential stress to confining pressure ratio of approximately 2 (Figure 3). This value drops 146 
sharply and abruptly at 650˚C where experiments display no, or a slightly negative pressure 147 
dependence of stress (Figure 3b). This abrupt change indicates that the experiments become 148 
confining pressure insensitive at the employed strain rate, so that viscous deformation 149 
dominates.  150 
 151 
(Figure 3) 152 
 153 
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3. Model description 154 
The three flow laws that we use were all developed for wet conditions and a quartz mineralogy 155 
(Table 1). However, the input conditions used to derive the individual flow laws differ 156 
significantly. The brittle-creep flow law was benchmarked with experimental data obtained 157 
from a low porosity sandstone. The parameters for the dislocation-creep flow law were derived 158 
from experiments on natural quartzite whereas the dissolution-precipitation flow law was 159 
derived from experiments performed on hot-pressed quartz aggregates. All the flow laws are 160 
derived for slow strain rates (10
-5
 -10
-8
) and the same mineral phase. Note that the difference in 161 
experiment material leads to differences in porosity, purity, and crystal size and distribution 162 
which allows only for a limited comparability of the data.  163 
 164 
3.1. Brittle creep 165 
In the presence of water, fractures can propagate even when the stress intensity factor is 166 
smaller than the fracture toughness of the rock (KI<KIC) due to stress corrosion. This behavior 167 
allows fractures to grow and rocks to fail at stresses well below their short-term failure strength 168 
while experiencing constant applied stresses leading to ‘brittle creep’. 169 
We use a brittle creep law developed by Brantut et al. (2012), based on work by Ashby and 170 
Sammis (1990) (Table 1). For a complete derivation of all the equations please refer to Brantut 171 
et al. (2012) and references therein. We consider all compressional stresses to be positive. σ1 is 172 
the principal stress and σ2 = σ3 are the confining stresses. 173 
 174 
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 175 
(Figure 4) 176 
The brittle-creep flow law describes the strain rate during secondary creep due to the growth of 177 
wing cracks (mode I fractures) from pre-existing mode II fractures (Figure 4). The pre-existing 178 
fractures are all oriented at an angle Ψ to σ1, where	 = 	/4, which is a favorable orientation 179 
for sliding on these fractures. The nucleation and propagation of wing-cracks parallel to σ1 is 180 
the agent of brittle deformation, leading to a dominant set of micro fractures.  181 
To formulate a flow law for secondary creep describing the macroscopic strain rate due to 182 
subcritical crack growth under constant differential stress and overall compression, Brantut et 183 
al. (2012) coupled a sliding wing-crack model developed by Ashby and Sammis (1990) with 184 
Charles’ law (1958) of subcritical crack growth (Table 1). The flow law takes the form  185 
 186 
 =   1 −   !"#$ √%&' (
)*+
        (3) 187 
 188 
where	 is the strain rate, H is the activation enthalpy, R is the gas constant and T temperature 189 
in Kelvin. KIC is the fracture toughness for mode I fractures and ,-&.  is the short term strength 190 
of the rock. n is the corrosion index and a is the initial fracture length. k is a non-dimensional 191 
numerical factor that is dependent on the wing crack length l, pre-existing fracture length a, 192 
friction coefficient μ, and a fitting parameter β, necessary for the equation to hold in 3D and for 193 
small fracture length (Brantut et al., 2012). Using a typical friction coefficient of / = 0.7 and 194 
allowing the maximum wing crack length not to exceed the length of the initial fracture a, as 195 
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well as approximating 3~1, k will be about 0.1 (Brantut et al. 2012). For simplicity, we will use 196 
this approximation in our calculations. Following the model developed by Ashby and Sammis 197 
(1990), a wedging force can be derived that couples σ1 and σ3, and controls the mode I stress-198 
intensity factor, KI  at the tip of an opening wing crack. Fw is the sliding force acting parallel to 199 
the minimum stress direction and is dependent on the initial fracture length. 200 
 201 
56 = (8++ − 8):;          (4) 202 
where 203 
8+ = <= >?1 + /; + /A         (5) 204 
3 = +% ?+*BC*B?+*BCB           (6) 205 
8 = 	8+ ?+*BC*B?+*BCB          (7) 206 
We chose to consider this behavior for experimental data for Crab Orchard Sandstone (Heap et 207 
al., 2009), given its very low porosity (3.3%) that is comparable to low porosity (1 - 5%) 208 
quartzites typically used in high temperature and pressure experiments. The initial conditions 209 
for our analysis are from parameters measured for Crab Orchard Sandstone (Heap et al., 2009) 210 
with a friction coefficient (μ) = 0.7, fracture toughness (KIC) = 0.45*10
6
 Pa.m
1/2
, initial flaw size 211 
(a) = 0.25*10
-3
 m, corrosion index (n) = 13.7, and activation enthalpy (H) = 31 kJ/mol (Figure 5). 212 
The experiments were conducted at an effective pressure (Pe = Pc - Pp) of 30 MPa where the 213 
rocks attain a short-term peak strength of 430 MPa. The short-term peak strength is equivalent 214 
to the point of failure in experiments and can be estimated from the reported failure data 215 
(Heap et al., 2009). 216 
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 217 
(Figure 5) 218 
 219 
The brittle-flow law that we consider only holds in a very specific differential stress 220 
environment. Assuming an initial fracture length of 0.25 mm, KIC = 0.45*10
6
 Pa.m 
1/2 
and a k 221 
value of 0.1, ,-&. − + needs to be less than ≈ 100 MPa for the solution to hold. This limitation 222 
leads to a breakdown of the flow law for small differential stresses. Stress corrosion in single 223 
mode I cracks ceases once the differential stress becomes less than ~0.4 to 0.5*KIC and hence 224 
the rock stops creeping by brittle creep (e.g. Wan et al., 1990; Brantut et al, 2012). The 225 
magnitude of the minimum differential stress for which brittle creep occurs varies as a function 226 
of effective pressure and initial fracture density (Segall, 1984). 227 
 228 
3.2. Dislocation creep 229 
Dislocations are line defects in the crystal structure and act as agents of deformation. 230 
Dislocation creep is a volume conserving deformation mechanism with a temperature 231 
dependent rate. A number of models have been proposed to describe the strain rate in terms 232 
of applied stress, temperature, pressure, water fugacity and other external and internal 233 
variables. Here, we use the well-established power-law flow law for dislocation creep (Hirth et 234 
al., 2001) (Table 1) 235 
 = 8DECF	
)GH IJK   (8) 236 
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where A is a pre-exponential factor, fH20 is water fugacity, m is water fugacity exponent, n is the 237 
stress exponent, and Q is the activation energy. R and T are the universal gas constant and 238 
temperature in Kelvin, respectively. 239 
To validate our calculated strain rate map we used the published experimental data by Gleason 240 
and Tullis (1995) and plotted 18 measured data points onto the strain rate map. The measured 241 
data points deformed at strain rates between 10
-5.8
 s
-1
 and 10
-4.1 
s
-1 
(Figure 6).  242 
 243 
(Figure 6) 244 
3.3. Dissolution precipitation creep 245 
Dissolution-precipitation creep is a stress-driven mass-transfer deformation mechanism that is 246 
expected to dominate at low pressures and temperatures close to the earth’s surface. It is 247 
commonly in competition with cataclasis and typically operates over longer timescales than 248 
cataclasis (e.g., Gratier et al. 1999). Solid material dissolves in the presence of its solution fluid 249 
at the point of non-hydrostatic stress. Dissolution-precipitation creep consists of three steps: 1) 250 
dissolution of mineral into a fluid phase, 2) mass transfer in the fluid, and 3) precipitation of a 251 
mineral out of the fluid (Raj, 1982). Any of these steps can be the rate-limiting process for 252 
typical experimental and geological conditions, hence complicating the derivation of broadly 253 
applicable constitutive equations to describe dissolution-precipitation creep (see Gratier et al., 254 
2013 for a review about dissolution precipitation creep). Furthermore, the fluid phase is treated 255 
as stationary and hence, any transport of material by fluid flow is neglected.  Keeping these 256 
limitations in mind, here we use the constitutive equation derived by Rutter and Brodie (2004) 257 
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for grain-size sensitive flow at 300 MPa confining pressure, where volume diffusion is the rate-258 
limiting process (Table 1).  259 
 260 
L = M. NOPQRRS(T UV⁄ )/XY     (9) 261 
 262 
where d is the initial grain size in μm.  263 
We plot the calculated strain rate map together with data points from experiments performed 264 
by Rutter and Brodie (2004). The experiments were executed at temperatures of 900-1200˚C 265 
(1173 – 1473 K) at a confining pressure of 300 MPa. We plotted the data obtained for an initial 266 
grain size of 0.4 μm. Depending on the stress, the measured strain rate ranges from 10
-4.5
 s
-1
 to 267 
10
-8
 s
-1
 and agrees well with the flow law (Figure 7).  268 
 269 
(Figure 7) 270 
(Table 1) 271 
 272 
4. Deformation mechanism maps 273 
The mathematical formulations for dislocation creep, brittle creep and dissolution-precipitation 274 
creep show similarities that allow direct comparison between the three flow laws and 275 
construction of deformation mechanism maps (Ashby and Frost, 1982; Ashby, 1972). All flow 276 
laws are dependent on temperature and differential stress. Our comparison of the three flow 277 
laws is only a first-order approximation, given that for example, an important mechanism which 278 
is currently not included in the analysis is high-stress, low-temperature plasticity that is 279 
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expected to interact with brittle creep.  Furthermore, no experimental results are currently 280 
available that would test the different flow laws for exactly the same material. Obtaining 281 
experimental data from an identical starting material would narrow the uncertainties in the 282 
constitutive equations and would better constrain the identification of dominant deformation 283 
mechanisms for given conditions. 284 
The deformation mechanism maps plotted in Figures 5, 6, and 7 were derived from 285 
experimental data obtained at different confining pressures. However, confining pressure is an 286 
important variable when considering deformation of rocks (e.g., Ashby and Verrall, 1977), 287 
which is not explicitly stated in constitutive equations. Confining pressure acts through water 288 
fugacity, fh20, in dislocation creep, wedging force, Fw, in brittle creep (see section 3.1), and 289 
solubility in dissolution-precipitation creep. To achieve a more meaningful comparison between 290 
the different flow laws, we extrapolate the brittle flow law and the dislocation creep flow law 291 
to identical confining pressures. Experimental data from quartz deformation experiments at 292 
temperature below 600˚C show that the peak differential stress scales with confining pressure 293 
by about a factor of two (Figure 3b). Even though this relationship is largely based on 294 
experiments conducted under relatively high confining pressures, the data points used for the 295 
derivation of the brittle-creep flow law fit the curve well. We use this relationship between 296 
confining pressure and differential stress to extrapolate the brittle-creep to higher confining 297 
pressures, or in other words, we increase the peak short-term strength (σpeak in Eq. 3) of the 298 
rocks as the confining-pressure increases. The confining pressure dependence of dislocation 299 
creep is expressed by the water fugacity term in Eq. 8. Given that the water fugacity exponent, 300 
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m, is equal to 1 as suggested by Hirth et al. (2001), we can normalize the strain rates by the 301 
following relationship: 302 
    Z[\]. = ^_C`abcd._C`de.f ]ghi.   (10) 303 
where norm. stands for normalized and meas. for measured strain rate at given fH2O conditions. 304 
To calculate the water fugacity at a given confining pressure, we use the fugacity calculator of 305 
Anthony Withers (https://www.esci.umn.edu/people/researchers/withe012/fugacity.htm).  306 
 On this basis, for a higher confining pressure, brittle creep becomes slower, which leads to a 307 
smaller domain in a deformation-mechanism map where the process is dominant (Figure 8). 308 
This result is expected because theoretical and experimental studies on brittle creep have 309 
shown that a lower stress limit exists. Once the differential stress drops below about 50% of KIC, 310 
subcritical fracture growth stops and hence, no strain is accommodated on the fractures (Wan 311 
et al., 1990). Similarly, dislocation creep becomes slower at lower confining pressures due to 312 
the lower water fugacity. For our explored Pc-T-σdiff space, brittle creep shuts down at a 313 
confining pressure of Pc ≈ 700 MPa, leaving dislocation creep as the only active deformation 314 
mechanism. No obvious lower limit in confining pressure exists for the activity of dislocation 315 
creep. A traditional way to determine whether cracking or viscous flow processes are active is 316 
via the “Goetze’s criterion”, which states that cracking will be suppressed if the differential 317 
stress is of the same magnitude as the confining pressure. We see in Figure 8 that the transition 318 
between brittle and dislocation creep occurs always at somewhat higher differential stresses 319 
than the confining pressure. However, such elevated differential stresses are commonly 320 
observed in deformation experiments which return values for stress exponent, n in the range of 321 
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3 typical of dislocation creep (e.g., Luan and Paterson 1992), indicating that the “Goetze’s 322 
criterion” is a conservative estimate for the suppression of cracking. 323 
 324 
(Figure 8) 325 
 326 
(Figure 9) 327 
 328 
Also, of interest is the parameter space in a deformation-mechanism map where the two creep 329 
mechanisms significantly contribute to the deformation (Figure 9). Using the parameters 330 
derived from experiments for a quartz mineralogy, we calculated that only a narrow 331 
temperature – differential stress band exists where both deformation mechanisms contribute 332 
significantly to the total strain rate. For these conditions, we would expect concurrent 333 
formation of fractures as well as dislocation-creep-related features. This band widens modestly 334 
for higher temperatures. Note, that this region also correlates with the area where both flow 335 
laws are less constrained due to the lack of experimental data.  336 
  337 
To introduce dissolution-precipitation creep into the deformation mechanism-maps, we further 338 
limited the number of variables when constructing the maps. The brittle-creep and the 339 
dissolution-precipitation creep flow laws are both dependent on grain size, if in somewhat 340 
different fashion. For brittle creep, the grain size is considered to control the length of the 341 
initial flaws (Brantut et al. 2012), while for the dissolution-precipitation creep, the grain size 342 
dictates the characteristic diffusion distance (d). Both length scales can but do not necessarily 343 
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have to be identical.  For example, a micro-crack could comprise several grain boundaries and 344 
hence be larger than the grain size.  345 
To construct the deformation map (Figure 10a, b) we assume that the initial micro-346 
fractures controlling brittle creep are three orders of magnitude larger than the grain size 347 
(characteristic diffusion distance) controlling dissolution-precipitation creep (e.g., 250 µm vs. 348 
0.4 µm).  349 
If we assume that the initial fracture length and the characteristic diffusion distance are 350 
equal and governed by the grain size, a direct comparison between the different flow laws 351 
becomes difficult due to the coupling of fracture length and density, because small grains imply 352 
a high density of grain boundaries and hence micro-cracks. If we construct a deformation 353 
mechanism map for a large grain size (250 µm), dissolution-precipitation creep becomes very 354 
slow, to a point where it is not able to compete with the other deformation mechanisms. On 355 
the other hand, if we reduce the grain size in the brittle creep to match the grain size used to 356 
derive dissolution-precipitation creep (0.4 µm), brittle creep becomes the dominant process 357 
over the investigated stress and temperature space, due to the above-mentioned coupling of 358 
crack length and density. This result is counterintuitive given that finer grained rocks generally 359 
show higher strength in the brittle and semi-brittle regime than their coarse-grained 360 
counterparts (Fredrich et al. 1990). In Figure 10c and d, we plot the deformation mechanism 361 
map for a confining pressure of 300 MPa and a grain size of 20 µm in both the brittle and the 362 
dissolution-precipitation creep. The dissolution-precipitation creep is only dominant at very low 363 
stresses over the entire range of temperature. Brittle creep is only dominant at high differential 364 
stresses over the whole temperature range.  365 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
18 
 
Note that the transition between the individual deformation mechanisms is strongly 366 
dependent on the input parameters, especially the grain size (i.e. crack length and 367 
characteristic diffusion distance). In Figure 10b, the transition from brittle creep to dislocation 368 
creep is much more abrupt than the transition from dissolution-precipitation creep to 369 
dislocation creep indicating a larger parameter space where both dislocation creep and 370 
dissolution-precipitation creep, contribute significantly to deformation. This outcome is 371 
opposed to the observation of Figure 10d where decrease in grain size broadened the transition 372 
zone between brittle and dislocation creep.  373 
(Figure 10) 374 
Given that brittle creep as well as dissolution-precipitation creep are dependent on grain size, 375 
(i.e. initial flaw length and density and diffusion length, respectively), we considered three grain 376 
sizes (Figure 11). Only under conditions where sub-critical fracture growth is so slow that brittle 377 
creep comes to a halt does dissolution-precipitation creep become the dominant process. The 378 
intimate linking of initial fracture length and fracture density in the brittle creep significantly 379 
impacts the strain rate of brittle-creep and is probably not a physically realistic – decoupling of 380 
the initial fracture length and fracture density would be desirable. If we assume that the initial 381 
fracture length is governed by the grain size we would expect many fractures for a small grain 382 
size, leading to very fast brittle creep. A larger grain size will lead to fewer fractures and slow 383 
down brittle creep significantly.  384 
(Figure 11) 385 
 386 
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5. Discussion and implications  387 
Our comparison of the existing experimentally derived flow laws for quartz-rich rocks, 388 
shows that the calculated deformation mechanism maps are displaying an expected 389 
distribution of brittle, dislocation, and dissolution-precipitation creep as a function of 390 
temperature and differential stress. Dissolution-precipitation creep has a low activation energy 391 
and is therefore expected to dominate at low temperature, i.e. relatively shallow crustal depth. 392 
Because brittle creep breaks down at low differential stresses it dominates the deformation 393 
only at elevated differential stresses. We observe this dominance over the entire range of 394 
investigated temperatures. This observation, however, relies on the extrapolation of the brittle-395 
creep flow law significantly past the calibrated temperature range, which is typically <200 ˚C. 396 
Furthermore, as brittle creep is also strongly dependent on the number and size of the initial 397 
fractures, it can be the fastest deformation mechanism for small grain sizes where the pre-398 
existing fractures would be expected to be quite abundant over the entire range of investigated 399 
temperatures and differential stresses (Figure 11). Our analysis does not favor direct 400 
competition of brittle with dissolution-precipitation creep (Figure 10) even though this 401 
competition would be expected at low temperatures and confining pressures (Gratiere et al., 402 
1999). Note however, that grain-size reduction induced by fracturing is a necessary pre-403 
requisite for activating dissolution-precipitation creep, highlighting the importance of serial 404 
processes in inducing semi-brittle deformation for the crust.  405 
We note that when dealing with semi-brittle deformation, confining pressure is 406 
important, because it has a pronounced effect on brittle creep via the force acting against the 407 
opening of mode I wing cracks (e.g., Ashby and Sammis 1990), a more modest effect on 408 
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dislocation creep via water fugacity (e.g., Kronenberg and Tullis 1984), and on dissolution-409 
precipitation creep via quartz solubility in aqueous solution (Manning, 1994). The experimental 410 
data about dislocation creep of quartz covers a range from 300 – 1500 MPa in confining 411 
pressure (Luan and Paterson 1992, Gleason and Tullis 1994, Hirth et al. 2001) and hence 412 
extrapolations to lower and higher confining pressure can be made with a reasonable amount 413 
of certainty. Solubility of quartz in pure aqueous fluid is well calibrated from 0.1 – 2000 MPa 414 
confining pressure and therefore covers the whole pressure range expected in continental crust 415 
(Manning, 1994).  However, brittle-creep data is available mostly at confining pressures of <200 416 
MPa, which makes extrapolations to higher confining pressures more uncertain. We use a 417 
simple criterion for increasing the short-term supported peak stress based on the pressure 418 
sensitivity of differential stress at low temperature (<600˚C) using our compilation of 419 
experimental data (Figure 3). Together with the effect of σ3 on wing crack propagation, we can 420 
scale brittle creep to greater pressures of several hundred MPa where transition to dislocation 421 
creep could be expected in nature and experiments. Comparing our calculated deformation 422 
mechanism maps at 200 - 400 MPa confining pressure to that of Brantut et al. (2012) at 30 MPa 423 
effective pressure, we see that the field where brittle creep is dominant shrinks considerably 424 
with increasing pressure. Furthermore, the fundamental nature of brittle creep is expected to 425 
change with increasing confining pressure as mode I cracking gives progressively way to mode II 426 
cracking. This transition from mode I to mode II cracking is expected to occur between 400 and 427 
800 MPa confining pressure (Hirth and Tullis 1994), and hence, the validity of brittle creep 428 
models above these pressures has to be tested. Recently, Kanaya and Hirth (2017) studied 429 
semi-brittle flow of porous quartz sandstones at low effective pressures (up to 175 MPa) and 430 
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high temperatures (up to 900˚C) and concluded that brittle fracturing is the main agent of 431 
deformation under these conditions. They found only a very limited contribution by dislocation 432 
glide to the total strain. These results are broadly comparable to our calculations showing that 433 
the transition from brittle creep to dislocation creep can be relatively temperature insensitive 434 
(e.g. Figures 8 and 10a). However, this transition is also dependent on the initial fracture length 435 
and density, and will be more temperature dependent for smaller initial fracture sizes and 436 
greater fracture densities (Figure 10d). 437 
Examining the existing database of experiments points to a lack of data in the pressure 438 
and temperature range of 200 – 1000 MPa and 100 – 700˚C. This gap is mainly due to technical 439 
difficulties in deforming quartzites at laboratory strain rates under these conditions, however 440 
novel experiments are critical to fill in this important data gap. In Figure 3b, we show the abrupt 441 
change in pressure dependence of differential stress at ≈650˚C at strain rates of ≈10
-5
 s
-1
. This 442 
transition is likely occurring due to the fact that kinetics of mass transfer responsible for viscous 443 
flow become equal or faster than the kinetics of crack growth and propagation. This mechanical 444 
transition is also accompanied by a clear microstructural change from cataclastic 445 
microstructures to mylonitic microstructures (Richter et al. 2014). If this transition is kinetically 446 
induced, we would expect that this abrupt transition in pressure sensitivity of supported stress 447 
will be strain-rate dependent, and hence, will occur at lower temperatures for slower, geologic 448 
strain rates. Unfortunately, we do not have enough data at the moment to test this hypothesis, 449 
although the abruptness of the transition provides a good target for future experimental 450 
studies. Pinning down the strain-rate dependence of this transition would significantly aid 451 
extrapolations of experimental data to natural conditions.  452 
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Our calculations show, that with current calibrations of different flow laws only two 453 
deformation mechanisms can act in parallel and contribute to the total strain rate. However, 454 
this comparison of different flow laws has limitations and uncertainties, while being heavily 455 
dependent on extrapolating flow laws beyond conditions for which they were developed. An 456 
additional problem for the comparability is that the different flow laws are dependent on 457 
different parameters, some of which are poorly constrained and likely evolve during 458 
deformation (e.g., grain size, porosity, crack density, crack length etc.). These additional 459 
variables are kept constant in order to produce our two-dimensional contour plots. Apart from 460 
these difficulties, additional deformation mechanism(s) that are currently not constrained such 461 
as low-temperature plasticity could be expected in the transition from low-stress dislocation 462 
creep to high-stress brittle creep. Finally, our assumption that each deformation mechanism 463 
operates independently and in parallel is a simplification. True interactions between the 464 
individual deformation mechanisms, as for example dislocation generation at crack tips (Rice, 465 
1992), as well as serial action of individual mechanisms, as for example brittle fracturing 466 
reducing the grain sizes and hence promoting dissolution-precipitation creep, are certainly 467 
important behaviors for natural deformation (e.g., Menegon et al., 2013a; Onasch 1994; 468 
Trepmann and Stockhert, 2003). Our simplistic calculations do not account for any of these 469 
effects.  Nevertheless, the deformation mechanism maps (Figure 10b,d, 6b) show that brittle 470 
and viscous deformation mechanisms can contribute together significantly to the strain rate in 471 
a limited  differential stress and temperature range. Consequently, the transition between the 472 
individual deformation mechanisms is not particularly well constrained as the flow laws have to 473 
be extrapolated over a wide temperature, differential stress, confining pressure, grain size etc. 474 
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ranges. Furthermore, if the grain size is assumed to govern the characteristic diffusion distance 475 
as well as the crack length and density, and is held constant, brittle and dissolution-476 
precipitation creep compete in a counter-intuitive way where fine-grained material deforms the 477 
fastest by brittle creep and dissolution precipitation cannot keep pace (Figure 11a). Brantut et 478 
al. (2012) observe a mismatch between experimentally measured strain rates and their 479 
calculated strain rates for brittle creep. They argue that the mismatch could result from the 480 
approximation of using the grain size as the initial fracture size.  481 
Our analysis indicates that the conditions for coeval occurrence of more than one 482 
deformation behavior is limited (e.g., Figures 9, 10, and 11). This conclusion is supported by the 483 
fact that the transition in pressure sensitivity of supported stress occurs over a very narrow 484 
temperature interval of ≈ 50˚C in experiments (Figure 3b).  Currently the number of reported 485 
experimental observations of coeval brittle and viscous deformation processes is limited (Hirth 486 
and Tullis, 1994), although that is consistent with the limited number of experiments performed 487 
for conditions where we would expect to have the occurrence of several deformation 488 
mechanisms. However, microstructures indicative of all three investigated deformation 489 
mechanisms can be observed in natural samples of deformed quartz arenites (Onasch and 490 
Dunne, 1993; Onasch, 1994). An inherent problem with natural and experimental examples 491 
showing brittle and viscous deformation is that it is difficult or even impossible to determine 492 
whether the two different deformation mechanisms were cotemporaneous or whether the 493 
observable structures formed during cycles of brittle and viscous deformation, (Hirth and 494 
Beeler, 2015; Mancktelow, 2008; Segall and Simpson, 1986). Furthermore, it is extremely 495 
difficult to quantify the amount of strain accommodated by individual deformation mechanisms 496 
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(Onasch, 1994). However, novel experimental techniques (Quintanilla-Terminel and Evans, 497 
2016; Quintanilla-Terminel et al., 2017) make tracking of strain at high spatial resolution 498 
possible and show promise for quantifying the contribution of brittle and viscous deformation 499 
processes during semi-brittle flow. Currently, it seems that the mechanical and microstructural 500 
changes accompanying semi-brittle flow of monomineralic aggregates are mostly a result of the 501 
temperature and pressure dependence of crack propagation, stress corrosion and friction 502 
rather than significant contribution of viscous deformation processes to strain accommodation 503 
(e.g. Kanaya and Hirth, 2017).  504 
This discussion highlights the importance of understanding the deformation of 505 
polymineralic rocks in terms of semi-brittle flow. The parameter space where one mineral can 506 
accommodate strain by viscous flow whereas another mineral can accommodate strain by 507 
brittle processes will be much broader, which is a reason for why the observation of viscous 508 
deformation microstructures in quartz and brittle microstructures in feldspars is so ubiquitous 509 
in granitic mylonites in nature (e.g., Gapais, 1989; Handy, 1990; Simpson, 1985; Fitzgerald and 510 
Stünitz 1993, Stünitz and Fitzgerald 1993, Viegas et al., 2016). Several experimental studies on 511 
the deformation behavior of granitic rocks in the brittle (e.g., Lockner et al., 1991), semi-brittle 512 
(e.g., DellAngelo and Tullis, 1996; Pec et al., 2012a; Pec et al., 2016; Pec et al., 2012b) and 513 
viscous deformation regimes (Holyoke and Tullis, 2006a, b) are available, however the 514 
interpretation of the mechanical data is complicated by the presence of up to five mineral 515 
phases (quartz, two feldspars and two micas). Further studies on simpler, binary mixtures of 516 
minerals deforming by brittle and viscous deformation processes in the laboratory are needed 517 
to further our understanding of semi-brittle flow in terms of polyphase flow. Furthermore, 518 
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models that explore the interactions between brittle and viscous processes in serial 519 
deformation are needed (Ellis and Stöckhert 2004).   520 
 521 
6. Conclusion 522 
To investigate brittle-viscous flow in wet quartzites we compare brittle, dislocation, and 523 
dissolution-precipitation creep flow laws. We assume that all deformation mechanisms act 524 
independently, in parallel and can contribute to the total strain rate. The calculated strain-rate 525 
maps show a largely expected distribution of the different deformation mechanisms in 526 
differential stress and temperature space. For the comparison, we extrapolated the flow laws 527 
to equivalent confining pressures and observe the progressive diminishing of brittle creep with 528 
increasing confining pressure. The extrapolation is based on measurements of the differential 529 
stress dependence on confining pressure as derived from a compilation of rock deformation 530 
experiments. The grain size in dissolution-precipitation creep and initial fracture length in 531 
brittle creep significantly impact their co-occurrence with dislocation creep. This transition can 532 
range from abrupt to covering a range of several 100 MPas differential stress and hundreds of 533 
degrees Kelvin. A consideration of the existing collection of experimental data highlights the 534 
importance of filling current gaps between high-temperature, low stress and low-temperature, 535 
high stress deformation experiments so that quantitative flow laws for low-temperature 536 
plasticity and high-temperature brittle creep can be derived. The transition zones where more 537 
than one deformation mechanism contributes with more than 10% to the total strain rate is 538 
limited to relatively narrow differential stress and temperature conditions, dropping off sharply 539 
to where only one deformation mechanism governs the strain rate. These results suggest that 540 
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semi-brittle flow will be more important in polymineralic rocks where one mineral will fracture 541 
and the other flow, as commonly observed in granitic mylonites. 542 
 543 
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Appendix 552 
 553 
The collection of experimental data on quartz rich rocks can be found in table A2 as well as 554 
online on zenedo.org. We encourage experimentalists to add new data on deformation of 555 
quartz-rich rocks to this collection after publication.  556 
 557 
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Figure Captions: 727 
Figure 1: a) Transitions which may occur in a deforming rock (modified after Rutter (1986)). B-D 728 
stands for brittle-ductile transition, B-V stands for brittle-viscous transition. b) Schematic 729 
representation of the different deformation mechanisms and their relative temperature and 730 
differential stress conditions (modified after Davis et al.  (2012)). 731 
 732 
Figure 2: Summary of experimental conditions. Note that stresses and strain rates in shear 733 
experiments have been converted into equivalent stresses and strain rates. a) All experiments 734 
in log stress, log strain-rate space. Circle size corresponds to the confining pressure where the 735 
largest symbols correlate to a confining pressure of 1.7 GPa and the smallest to 0.1 MPa, Inset 736 
shows stress exponent, n.  b) Confining pressure, c) Temperature, d) Equivalent strain rate, and 737 
e) Equivalent stress. (For a color version of this figure, the reader is referred to the web version 738 
of this article.) 739 
 740 
Figure 3: Pressure sensitivity of differential stress in experiments conducted at strain rates of ≈ 741 
10
-5
 s
-1
 a) Confining pressure, Pc vs. differential stress, σ. Dashed lines show least-square fits 742 
through the data. Note the positive pressure dependence at low temperatures and the slightly 743 
negative pressure dependence at high temperatures. b) First derivative of stress by confining 744 
pressure (i.e. slope of best fit lines in a)) vs. temperature. Notice the abrupt change in pressure 745 
dependence at 650˚C. See Appendix for the references to the experiments. (For a color version 746 
of this figure, the reader is referred to the web version of this article.) 747 
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 748 
Figure 4: Schematic setup for the brittle-creep flow law. All pre-existing fractures are at an 749 
angle, Ψ to σ1. l – wing-crack length, a – initial flaw length (after Ashby and Sammis, 1990 and 750 
Brantut et al., 2012).  751 
 752 
Figure 5: Graph showing contours of log() as a function of temperature and differential stress 753 
for Crab Orchard Sandstone using m = 0.7, Kic = 0.45*10^6 Pa.m
1/2
, a = 0.25*10^-3 m, n = 13.7,  754 
H = 31 kJ/mol. The black crosses show data points measured by Heap et al. (2009). The measure 755 
strain rates vary between 10
-6.3
 and 10
-8
. 756 
 757 
 758 
Figure 6:  Graph showing contours of log() of the dislocation power-law flow law as a function 759 
of temperature and differential stress. We used refitted parameter values for Black Hill 760 
quartzite (Gleason and Tullis, 1995). A = 1.1*10
-4
, n = 4, H = 223 kJ/mol. The black circles 761 
represent experimental data points from Gleason and Tullis (1995) with measured strain rate 762 
exponents n between -4.1 and -5.8. 763 
 764 
Figure 7: Graph showing contours of log() of the dissolution-precipitation flow law as a 765 
function of temperature and differential stress. d = 0.4 μm. Data points (black circles) are from 766 
Rutter and Brodie (2004) and range in strain-rate exponent between -4.5 and -8. 767 
 768 
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Figure 8: Deformation mechanism maps with contours of log() of brittle creep and dislocation 769 
creep. The confining pressure (Pc) for the brittle creep is a) 200 MPa, b) 300 MPa, and c) 400 770 
MPa.  771 
 772 
Figure 9: Graph where yellow and blue areas represent the temperature and differential stress 773 
conditions under which brittle creep and dislocation creep, respectively, are dominant at Pc = 774 
300 MPa. (For a color version of this figure, the reader is referred to the web version of this 775 
article.) 776 
 777 
Figure 10: a) strain rate map for brittle-, dislocation-, and diffusion creep at Pc = 300 MPa. Grain 778 
size for brittle creep = 250 µm, Grain size for dissolution-precipitation creep = 0.4 μm. b, d)  The 779 
yellow, green and blue areas represent the temperature and differential stress conditions 780 
brittle creep, dissolution precipitation creep and dissolution creep are dominant during 781 
deformation, respectively. c) strain-rate map for brittle-, dislocation-, and diffusion creep at Pc 782 
= 300 MPa and grain size of 20 µm. (For a color version of this figure, the reader is referred to 783 
the web version of this article.) 784 
 785 
Figure 11: Strain-rate maps for brittle and dissolution-precipitation creep at Pc = 300 MPa for 786 
grain sizes between 2 µm and 200 µm. For brittle creep, grain size = initial fracture length. The 787 
yellow and green areas show the temperature and differential stress conditions under which 788 
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brittle creep and dissolution-precipitation creep are dominant. (For a color version of this 789 
figure, the reader is referred to the web version of this article.) 790 
 791 
Table 1: Compilation of used flow laws and corresponding parameters. 792 
Appendix Table 1: Compilation of published results of experiments performed on quartzite. This 793 
table is available online at zenodo.org (Remark to the reviewers: we will put the table online as 794 
soon as the paper is accepted for publication) 795 
 796 
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Brittle creep  Dislocation creep Dislocation precipitation creep 
Brantut et al., 2012 Hirth et al., 2001  Rutter and Brodie, 2004 
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Parameters for Crab Orchard Sand Stone (Heap 
et al., 2009) 
Parameters for quartzite (Gleason and Tullis, 
1995) 
Parameters for hot-pressed Brazilian quartz 
aggregates (Rutter and Brodie, 2004) 
   
Activation enthalpy: H = 31 kJ/mol Pre-exponent factor: A = 1.1*10
-4
 Differential stress: σdiff (variable) 
Gas constant: R = 8.314 J/K Water fugacity: fH2O = 1 Gas constant: R = 8.314 J/K 
Temperature: T (variable) Water fugacity exponent: m = 1 Temperature: T (variable) 
Numerical factor: k = 0.1 (value from Brantut et 
al., 2012) 
Differential stress: σdiff (variable) Initial grain size: d = 0.4 μm 
Fracture toughness: KIC = 0.45*10
6
 Pa.m
1/2
 Stress exponent: n = 4 Activation energy: Q = 200kJ/mol  
Peak stress: σpeak = 430 MPa (at confining 
pressure = 30 MPa) 
Activation energy: Q = 223kJ/mol Gas constant: R = 8.314 J/K 
Stress: σ1 (variable) Gas constant: R = 8.314 J/K Temperature: T (variable) 
Initial flaw size: a = 0.25*10
-3
 m Temperature: T (variable)  
Corrosion index: n = 13.7   
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Theoretical investigation of co-occurrence of brittle and viscous deformation processes in 
quartzites  
Combining experimental data with flow-laws to investigate quartz rheology over a wide 
differential stress-Temperature space  
Deformation mechanism maps for brittle-viscous flow in wet quartzites  
More than one deformation mechanism contributes to strain-rate for only limited σ-T conditions  
New experimental data are needed to better understand the interplay of low-T brittle creep and 
high-T viscous creep 
 
